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Abstract Human mast cells (MCs) contain TG-rich cyto-
plasmic lipid droplets (LDs) with high arachidonic acid (AA)
content. Here, we investigated the functional role of adi-
pose TG lipase (ATGL) in TG hydrolysis and the ensuing
release of AA as substrate for eicosanoid generation by acti-
vated human primary MCs in culture. Silencing of ATGL in
MCs by siRNAs induced the accumulation of neutral lipids
in LDs. IgE-dependent activation of MCs triggered the se-
cretion of the two major eicosanoids, prostaglandin D2
(PGD2) and leukotriene C4 (LTC4). The immediate release
of PGD2 from the activated MCs was solely dependent on
cyclooxygenase (COX) 1, while during the delayed phase of
lipid mediator production, the inducible COX-2 also con-
tributed to its release. Importantly, when ATGL-silenced
MCs were activated, the secretion of both PGD2 and LTC4
was significantly reduced. Interestingly, the inhibitory effect
on the release of LTC4 was even more pronounced in ATGL-
silenced MCs than in cytosolic phospholipase Ay-silenced
MCs.HE These data show that ATGL hydrolyzes AA-containing
TGs present in human MC LDs and define ATGL as a
novel regulator of the substrate availability of AA for eico-
sanoid generation upon MC activation.—Dichlberger, A,, S.
Schlager, K. Maaninka, W. J. Schneider, and P. T. Kovanen. Adi-
pose triglyceride lipase regulates eicosanoid production in ac-
tivated human mast cells. J. Lipid Res. 2014. 55: 2471-2478.
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Mast cells (MCs), traditionally known as potent effector
cells in IgE-dependent allergic disorders (1), also exert a
wide range of pathophysiological functions in inflamma-
tory diseases including atherosclerosis, rheumatoid arthritis,
and asthma (2). For the MCs to act as disease-causing or
disease-modifying effector cells, they need to be activated.
Upon activation by immunological (classically IgE-mediated)
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or nonimmunological stimuli, MCs immediately exocytose
a fraction of their cytoplasmic secretory granules, which
contain a host of biologically active preformed mediators,
notably histamine, heparin, and serine neutral proteases
(3, 4). MC activation also initiates the synthesis of lipid
mediators, cytokines, and chemokines, which are released
from the cytoplasmic nongranule compartments of the ac-
tivated MCs within minutes to hours (5).

The lipid mediators secreted by activated MCs include
prostaglandins (PGs), leukotrienes (LTs), and platelet-
activating factor, together referred to as eicosanoids (i.e.,
molecules derived from the oxidative metabolism of ara-
chidonic acid [AA]) (5). As a source of endogenous AA,
MCs utilize various glycerolipid pools. Traditionally, the
major glycerolipid pool of AA within MCs, as in other in-
flammatory cells, has been assumed to reside in the mem-
brane phospholipids (PLs) in which AA is mainly esterified
in the sn-2 position and is released from them by members
of the phospholipase family, in particular by group IV cy-
tosolic phospholipase A, (cPLAy) (6). Interestingly, hu-
man lung MCs have been found to contain large amounts
of AA in their cytoplasmic TG-rich lipid droplets (LDs)
(7), and, in fact, ~50% of the total cellular AA in these
cells is esterified into TGs (8). We have recently demon-
strated that cultured human MCs derived from CD34" pro-
genitors in peripheral blood preferentially incorporate
exogenously applied AA into the large TG pool of their
LDs (9). Interestingly, tandem mass spectrometric compo-
sitional analysis of the AA-containing TGs revealed species
in which up to three arachidonyl moieties had been esteri-
fied to the glycerol backbone. These findings confirmed
that in human MCs, the TGs of the cytoplasmic LDs serve
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as a major storage site for AA and triggered our interest in
the mechanisms regulating the subsequent fate of this par-
ticular AA pool.

In this regard, the LDs of MCs are also considered to be
important in AA mobilization and subsequent eicosanoid
generation (10). From the liberated AA, the PGs and LTs
are formed by the action of cyclooxygenases (COXs) and
lipoxygenases (LOs), respectively (11). The presence of a
COX in human lung MC LDs has been visualized by im-
munogold labeling, demonstrating that MC LDs poten-
tially serve as an active site for PG biosynthesis (12). For an
efficient utilization of the TG pool in LDs as a source of
AA, human MCs need to express appropriate lipolytic en-
zymes that mediate the hydrolysis of AA from TGs. A can-
didate for this function is the neutral TG hydrolase,
adipose TG lipase (ATGL; also termed patatin-like phos-
pholipase domain-containing protein A2 [PNPLA2]),
which mediates the initial step in TG hydrolysis resulting
in the formation of an FFA and a diacylglycerol (DAG)
molecule (13). ATGL is expressed in most tissues of the
body with the highest expression and activity being found
in white and brown adipose tissues (14). Interestingly, ATGL
mRNA is also expressed in macrophages and macrophage-
derived foam cells of both murine and human origin (15).
Thus, implications of the ATGL in immune response, in-
flammation, and atherosclerosis are emerging (16). How-
ever, besides macrophages, no information is available
about the presence of ATGL in any other cell types be-
longing to the immune system.

Based on these considerations and on our previous find-
ings in cultured human MCs, we examined the expression
and function of ATGL in MCs. Particularly, we wished to
test the hypothesis that ATGL plays a functional role in the
hydrolysis of AA present in the TG pool of human MC LDs
(i.e., that its activity would be required for providing the
substrate for eicosanoid biosynthesis in these cells). We
demonstrate that ATGL is expressed in human MCs and
that siRNA-mediated silencing of ATGL greatly reduces
the amounts of prostaglandin D2 (PGD2) and leukotriene
C4 (LTC4) released upon activation of MCs. Thus, ATGL
expression in human MCs is necessary for the immediate
generation of lipid mediators via both the PG and the LT
pathways. These novel observations show that AA-containing
TGs in LDs play an important role in providing AA as a
substrate for eicosanoid metabolism in human MCs, and
that ATGL is an important regulator of this pathway.

METHODS

Cell culture

Mature human MCs were generated exactly as described previ-
ously (9). Briefly, CD34" progenitor cells were isolated from fresh
buffy coats prepared from the peripheral blood of healthy blood
donors (Finnish Red Cross Blood Transfusion Service, Helsinki,
Finland). The isolated CD34" cells were cultured for at least 6
weeks at 37°C under serum-free conditions in Iscove’s modified
Dulbecco’s medium supplemented with BIT 9500 serum substitute
(StemCell Technologies), 1-glutamine (2 mM), 2-mercaptoethanol
(0.1 mM), penicillin (100 U/ml), streptomycin (100 pg/ml), and
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recombinant human stem cell factor (also termed KITL, KIT li-
gand) (100 ng/ml; PeproTech, Rocky Hill, NJ). All experiments
were carried out with mature MCs (i.e., with cells that had been
allowed to differentiate for 6 to 8 weeks) (17).

MC activation

For immunological activation via IgE receptor cross-linking,
MCs were first sensitized for 3 h with human IgE (1 pg/ml, Dia-
Tec), washed twice with PBS, resuspended in fresh medium, and
then activated by incubation in the presence of polyclonal rabbit
anti-human IgE (1 pg/ml, Millipore) for 5, 10, 30, 60, 120, and
240 min.

ATGL and cPLA, knockdown with siRNA

MCs were maintained in fresh culture medium 24 h prior to
experiments. Then, 2 x 10° cells were transfected with 100 nM
total siRNA targeted at ATGL (also known as PNPLA2) mRNA
(Hs_PNPLA2_5, Hs_PNPLA2_6, Hs_LLOC100507839_2, and Hs_
LOC100507839_3 siRNAs at 1:1:1:1 molar ratio; QIAGEN) and/
or 25 nM total siRNA targeted at ¢PLA, mRNA (Hs_PLA2G4A_S8,
Hs_PLA2G4A_9, Hs_ PLA2G4A_6, and Hs_PLA2G4A_7 siRNAs
at 1:1:1:1 molar ratio; QIAGEN) or with 100 nM AllStars Negative
Control siRNA AF488 (QIAGEN) using HiPerfect transfection
reagent (QIAGEN) according to the manufacturer’s instruc-
tions. Twenty hours after transfection, the cells were subjected to
immunological activation as described previously.

Quantitative RT-PCR

Total RNA was isolated from cultured human MCs (RNA Nu-
cleoSpin II, Macherey Nagel), and cDNA was generated by RT-
PCR using M-MLV reverse transcriptase and random hexamers
(both from Promega). For quantitative RT-PCR, the cDNA was
amplified in duplicates using either TagMan Universal PCR Mas-
ter Mix (Applied Biosystems) or Power SYBR Green PCR Master
Mix (Applied Biosystems) with gene-specific oligonucleotides
and fluorogenic TagMan probes on an ABI PRISM 7500 sequence
detector system (Applied Biosystems). Specific oligonucleotides
and probes were designed for the following genes: ALOX5 (sense:
5-CTCAAGCAACACCGACGTAAA-3'; antisense: 5-CCTTGTG-
GCATTTGGCATCG-3"), ATGL (sense: 5-CAGACGGCGAGAAT-
GTCATT-3; antisense: 5-AAATGCCACCATCCACGTAG-3"), ¢PLA,
(sense: 5-GATGAAACTCTAGGGACAGCAAGC-3"; antisense: 5-CTG-
GGCATGAGCAAACTTCAA-3), COX-1 (sense: 5-CACAGTGCGC-
TCCAACCTTA-’; antisense: 5-TGGAGAAAGACTCCCAGCTGA-3';
probe: 5-FAM-CTTATCCCCAGTCCCCCCACCTACAACTC-
BHQI-3"), COX-2 (sense: 5-CGAGGGCCAGCTTTCAGS; antisense:

“GGCGCAGTTTGTCTAG-3'; probe: 5-FAM-TGATTTAAGTG-
GCCC-BHQI1-3"), LTC4S (sense: 5-AGTCCTGCTGCAAGCCT-
ACTT-3’; antisense: 5-AGGAACAGCGGGAAGTACTCG-3"),
HPGDS (sense: 5-ATGCGCCTCATCTTATGCAAG-3’; antisense:
5-GGTTGTCTAACAGGTCAGGCT-3’), and GAPDH (sense:

"“GTCAACGGATTTGGTCGTATTGG-3’; antisense: 5-GGCAA-
CAATATCCACTTTACCAGAGT-3'; probe: 5-FAM-TGGTCAC-
CAGGGCTGCTT-BHQI1-3'). For data normalization, GAPDH was
used as an endogenous control, and the relative units for gene
expression were calculated by using the 27" method (18).

Western blotting

For the preparation of total cell lysates, MCs were washed twice
with PBS, lysed in cell lysis buffer (25 mM Tris/HCI pH 7.4,
150 mM NaCl, 1 mM EDTA, 1% NP-40, 5% glycerol) containing
complete protease inhibitor cocktail (Roche). The proteins in total
cell lysates were separated by SDS-PAGE under reducing condition
and then transferred onto a nitrocellulose membrane (Hybond-C
Extra; Amersham Biosciences). Nonspecific binding sites were



blocked by incubating the membrane with 5% nonfat dry milk in
1x TBS-T buffer (150 mM NaCl, 10 mM Tris, 0.1% Tween-20, pH
8) for 1 h at room temperature. Imnmunodetection was performed
using rabbit anti-human ATGL (1:300 dilution; #2138, Cell Signal-
ing), goat anti-human COX-1 (0.5 pg/ml; sc-1752; Santa Cruz
Biotechnology Inc.), rabbit anti-human COX-2 (1:300 dilution;
160107; Cayman Chemicals), mouse anti-human hematopoietic
prostaglandin D2 synthase (HPGDS) (0.1 pg/ml; MAB6487; R and
D Systems), or mouse anti-human GAPDH (0.5 pg/ml; G8795,
Sigma), followed by incubation, according to the primary anti-
body, with either HRP-labeled goat anti-mouse IgG (1:2,000 dilu-
tion; 0447; DAKO), HRP-labeled rabbit anti-goat IgG (1:2,000
dilution; 0449; DAKO), or HRP-labeled goat anti-rabbit IgG
(1:10,000 dilution; A0545; Sigma-Aldrich). The signals were de-
tected using an enhanced chemiluminescence method (PIERCE).

Quantification of MC lipid mediators

The amounts of PGD2 and LTC4 released into culture media
were analyzed using commercial enzyme immunoassays (Prosta-
glandin D,-MOX EIA Kit and Leukotriene C,; EIA Kit, Cayman
Chemicals) according to the manufacturer’s protocols. For block-
ing the COX-1-mediated generation of PGD2, MCs were incubated
with 200 pM aspirin for 3 h, washed twice with PBS, resuspended
in fresh medium, and activated as described previously.

LD visualization and quantification

MC LDs were visualized by Oil Red O staining and quantified
by flow cytometry as described previously (9). Briefly, MCs were
sedimented (Cytospin, Shandon Instruments) onto glass slides
(15 x 10° cells/slide) and fixed with 10% neutral buffered forma-
lin solution (Sigma). The cells were then stained with Oil Red O
for 30 min and counterstained with Mayer’s hematoxylin. Cover-
slips were mounted with aqueous medium to preserve the Oil
Red O staining (Aquamount, DAKO). Images were captured
with a Nikon Eclipse E600 microscope (original magnification,
20x). For LD quantification, MCs were fixed with 4% paraformal-
dehyde and probed with allophycocyanin (APC)-labeled mouse
monoclonal anti-human CD117 (4 pg/ml, BD Pharmingen) or
APC-labeled mouse IgGl isotype control (BD Pharmingen). Sub-
sequently, the MCs were stained with the fluorescent dye Bodipy
493/503 (10 pg/ml, Molecular Probes) to stain intracellular LDs
and analyzed (1 x 10* cells/measurement) using a FACSAria II
flow cytometer (BD Biosciences).

Statistical analysis

Statistical analyses were performed using GraphPad Prism 5.0
software. Statistical significance between two groups was deter-
mined by one-way or two-way ANOVA, followed by the Bonfer-
roni post hoc test. Data are shown as the means + SEM. The
following levels of statistical significance were used: * P<0.05, **
P<0.01, and *#* P< 0.001.

RESULTS

Because the intracellular lipolytic enzyme ATGL is a
prime candidate for hydrolyzing AA from TGs, we first
analyzed its expression and regulation in cultured mature
human MCs derived from blood CD34" progenitors. In ad-
dition, we also investigated the expression of cPLAy, which
has been traditionally considered to be the major enzyme
mediating the release of AA from membrane PLs. For this
purpose, the cultured MCs were immunologically acti-
vated by IgE-triggered cross-linking of the cell surface IgE

receptors (see Methods), and the ATGL and ¢PLA, mRNA
levels were measured at different time points (over 5 to
120 min) after activation (Fig. 1A). Compared with the
resting MCs, no significant changes were observed in
ATGL or ¢cPLA, mRNA levels after MC activation. Based on
our interest in MC eicosanoid metabolism, we also ana-
lyzed the expression levels of the major enzymes of the
PGD2 synthesis pathway, COX-1, COX-2, and the HPGDS,
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Fig. 1. Regulation of ATGL, ¢PLA, COX-1, COX-2, HPGDS,
ALOX5, and LTC4S transcript levels in immunologically activated
human MCs. For immunological activation, MCs were first sensi-
tized in the presence of IgE (1 pg/ml) for 3 h at 37°C and subse-
quently activated by adding anti-IgE (1 pg/ml). Untreated MCs
were used as a control. The activated cells were collected at 5, 10,
60, and 120 min, and RNA was isolated and analyzed for the mRNA
expression of ATGL and ¢PLA, (A); COX-1, COX-2, and HPGDS (B);
and ALOX5 and LTC4S (C) by quantitative PCR (qPCR). For data
normalization, GAPDH was used as an endogenous control. Tran-
script expression levels are shown as fold change and represent the
mean + SEM of three to four different donors. * P< 0.05.

Role of adipose triglyceride lipase in human mast cells 2473



which catalyzes PGD2 synthesis in MCs. The COX-1 and
HPGDS mRNA levels did not change significantly in the
stimulated MCs (Fig. 1B). Interestingly, COX-2 mRNA lev-
els were low in unstimulated MCs but dramatically in-
creased at 60 min postactivation and then sharply declined
(Fig. 1B). These results agree with the well-established fact
that COX-1, as a constitutively expressed enzyme of the PG
pathway, is responsible for the basal PG generation (11),
whereas COX-2 acts as the inducible isoform under in-
flammatory conditions (19). Moreover, we analyzed the
gene expression of the major enzymes of the LTC4 path-
way, arachidonate-lipoxygenase 5 (ALOXb5) and LTC4
synthase (LTC4S). As demonstrated in Fig. 1C, the mRNA
expression levels of neither ALOX5 nor LTC4 changed sig-
nificantly. Taken together, these findings demonstrate
that human MCs express ATGL and ¢PLA,, as well as all the
major enzymes of the PGD2 and LTC4 pathways, and that
upon immunological activation of these cells, only the ex-
pression of COX-2is significantly increased.

To substantiate these findings at the protein level, we
next analyzed ATGL and major enzymes of the PGD2 path-
way in unstimulated and stimulated MCs by immunoblot-
ting. The 54 kDa immunoreactive band representing ATGL
was clearly present in unstimulated cells and remained es-
sentially unchanged upon MC activation (Fig. 2A). COX-1
(72 kDa) and HGPDS (25 kDa) displayed considerable
protein levels in unstimulated cells with rather small
changes over the time period analyzed after MC activation
(up to 8 h) (Fig. 2B). In sharp contrast, the protein levels
of COX-2 (70 kDa), which were undetectable in nonstimu-
lated cells and up to 60 min in the stimulated cells, showed
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Fig. 2. Regulation of ATGL, COX-1, COX-2, and HPGDS protein
levels in immunologically activated human MCs. IgE-dependent
MC activation was performed as described in Fig. 1. MCs were har-
vested after the indicated periods of activation, and protein levels
were analyzed by Western blotting. Fifty micrograms of total pro-
tein lysate per lane was separated by 10% SDS-PAGE under reduc-
ing conditions, blotted onto nitrocellulose membrane, and probed
with specific antibodies against ATGL (A) and COX-1, COX-2, or
HPGDS (B). GAPDH was used as a loading control.
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a transient surge with a peak at 120 min. Thus, the re-
sponses of the protein levels of ATGL, COX-1, COX-2, and
HPGDS to immunological activation of the MCs agreed
well with those of their respective transcript levels. It is im-
portant to note that, although the protein and transcript
levels of ATGL remained stable throughout the MC activa-
tion period, this finding does not exclude the possibility
that changes in its enzymatic activity had occurred. Thus,
as shown in human adipose tissue, the protein and mRNA
levels of ATGL do not necessarily correlate with its TG-
hydrolyzing activity, which is primarily regulated by the
LD-associated proteins of the PAT family (perilipins) and
its activating/inhibitory cofactors comparative gene iden-
tification-58 (CGI-58) /GO0S2 (20, 21).

Next, we investigated the release of PGD2 upon activa-
tion of MCs. As shown in Fig. 3A, MC activation resulted in
a rapid increase of the concentration of PGD2 in the incu-
bation medium, which reached the maximal level 60 min
after activation and thereafter slowly declined. We also in-
cubated MCs with the COX inhibitor aspirin before their
activation and measured the release of PGD2 by the acti-
vated MCs over 120 min in the absence of aspirin. As
shown in Fig. 3B, during the initial 30 min, when only
COX-1 (but not COX-2; see Fig. 1) was expressed by the
cells, PGD2 secretion was fully inhibited and started to rise
only after this period when the COX-2 mRNA levels also
began to rise. Taken together, the data show that the im-
mediate generation of PGD2 by activated human MCs
solely depends on COX-1.

To test whether the action of ATGL is critical for eicos-
anoid biosynthesis in activated MCs, we silenced its expres-
sion using an siRNA-mediated approach. In addition,
we also performed knockdown experiments targeting ¢PLA,.
The ATGL and ¢PLA, mRNA levels in siRNA-transfected
MCs were examined by qPCR analysis (Fig. 3C). The
siRNA treatment in the single knockdown experiments re-
duced ATGL expression by 83% and ¢PLA, expression by
77%, while control siRNA did not show any effect. In the
double knockdown, the mRNA expression levels of ATGL
and ¢PLA, were reduced by 81% and 71%, respectively
(Fig. 3C). The release of the major MC eicosanoids, PGD2
and LTC4, was analyzed in the siRNA-silenced MCs at 5,
10, and 30 min after their activation. The siRNA control
cells showed normal release responses of PGD2 and LTC4
to the IgE-mediated activation, which were similar to those
shown in Fig. 3A. Thus, the release of PGD2 was maximally
increased, on average, by 89-fold, and that of LTC4 by 79-
fold. Atall time points, the release of PGD2 was reduced in
ATGL and cPLA, single-silenced and in double-silenced
MCs by 30% to 40% (Fig. 3D), while the release of LTC4
in the single-silenced MCs was reduced by ~60% and in
the double=silenced cells, on average, by 80% (Fig. 3E).
Taken together, besides confirming the well-known func-
tion of cPLA, as an enzyme capable of releasing AA from
PLs for eicosanoid generation, these data reveal a novel
role for ATGL in providing TG-derived AA as a substrate
for eicosanoid production.

Based on the observation that ATGL silencing clearly
impairs the availability of AA for the generation of PGD2
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neutral lipid-accumulating phenotype, ATGL appears to
play a quantitatively important role in TG hydrolysis of
LDs in these immune cells.

and LTC4 upon MC activation, we wanted to investigate its
impact on TG hydrolysis. Therefore, neutral lipids of LDs
were stained with Oil Red O (Fig. 4 A-C). Compared with
mock-transfected and control siRNA-transfected MCs, si-
lencing of ATGL showed a clear increase in number and

size of LDs. To quantify the accumulation of neutral lipids,
LDs were stained with the fluorescent dye Bodipy 493/503
and analyzed by flow cytometry (Fig. 4D). Reduced expres-
sion of ATGL resulted in a significant increase of mean fluor-
escence intensity of LDs compared with mock-transfected
cells, reflecting intracellular accumulation of neutral lip-
ids in their LDs. This finding is in good agreement with
the results obtained by Oil Red O imaging of the LDs,
which showed an increase in their number and size (Fig. 4
A-C). Because ATGL-silenced human MCs developed a

DISCUSSION

The current investigation into AA metabolism in MCs is
based on our key observation that silencing of ATGL ex-
pression leads to a marked accumulation of neutral lipids
in cytoplasmic LDs and, concomitantly, to a reduced pro-
duction of eicosanoids by these cells. As human MCs can
store substantial amounts of esterified AA within their
large LD TG pool (7, 8), with a significant fraction of the
TG molecules containing two or three arachidonyl chains
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(9), these stores could serve as a quantitatively major
source of AA for eicosanoid biosynthesis. In adipocytes un-
der basal conditions, ATGL mediates the initial step in TG
hydrolysis by producing 1,3-DAG, while under hormonal
stimulation of lipolysis the enzyme becomes activated by
its coactivating factor CGI-58, and the selectivity of ATGL
broadens to the sn-1 position leading to the production of
2,3-DAG as well (22). Therefore, because CGI-58 is also
expressed in MCs (unpublished observation), MC activa-
tion could further enhance the TG deacylation in LDs by
ATGL via hydrolysis of two arachidonyl chains from their
AA-rich TG species. The conclusion that ATGL has a func-
tional role in TG metabolism of MCs is supported by the
observed intracellular accumulation of TGs in various tissues
and peripheral blood leukocytes in patients with neutral
lipid storage disease, which is caused by a loss-of-function
mutation in ATGL (23-25). To our knowledge, however,
no reports of eicosanoid production by the blood leuko-
cytes of such patients are available.

Here, in focusing on the generation of PGD2 and LTC4
by activated MCs, we analyzed the expression of the major
enzymes along the synthetic pathways of these two eicos-
anoids (11). No significant changes were observed in
mRNA expression levels for the two major enzymes of the
LTC4 pathway, ALOX5 and LTC4S, upon MC activation.
The expression patterns of COX-1 and COX-2, the initial-
izing enzymes of the PG pathway, found in resting and im-
munologically activated human MCs are in accordance
with those observed in a murine MC cell line (MMC-34),
in which IgE-dependent activation did not have any effect
on COX-1 expression levels but strongly induced the ex-
pression of COX-2 (26). The COX-1 and COX-2 transcript
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and protein expression profiles in human MCs indeed
showed that COX-1, as a constitutive enzyme, was expressed
already prior to stimulation, while COX-2 expression was
observed in the delayed phase of MC stimulation, suggest-
ing that the generation of PGD2 during the immediate
phase of eicosanoid release after MC stimulation was solely
COX-1 dependent. This presumption was confirmed by in-
cubating unstimulated MCs in the presence of aspirin to ir-
reversibly inhibit COX-1, followed by stimulation of the
cells in the absence of aspirin. Under these specific condi-
tions, the release of PGD2 was fully abrogated during the
first 30 min after MC activation, indicating that the MCs
lacked sufficient activities of COX-1 or of the subsequently
induced COX-2 (Fig. 3B) for the generation of detectable
amounts of PGD2 within this early activation phase. Our
data strongly suggest that the acute generation of PGD2 in
activated human MGs is solely mediated by COX-1, empha-
sizing that under resting conditions, human MCs constitu-
tively express sufficient amounts of COX-1 and HPGDS
required for the immediate generation of PGD2 in response
to stimuli that trigger eicosanoid release.

To gain further insight into the role of ATGL in eicos-
anoid metabolism in human MCs, we measured the acute
phase release of PGD2 and LTC4 in ATGL and cPLA,
single-silenced and in double-silenced MCs after their acti-
vation. Importantly, the acute release of PGD2 by the ATGL
and cPLA, single-silenced MCs was clearly, but equally
reduced compared with that by control siRNA (siCTRL)-
silenced MCs (Fig. 3D). Surprisingly, the same effect was
even more pronounced for the release of LTC4. Based on
the current literature, ATGL is a single-compartment-
acting enzyme that exerts its activity on TGs in LDs only,



whereas cPLA, is a multicompartment enzyme that acts on
PLs in a multitude of cellular organelles (21, 27). Consid-
ering this fact, it is quite surprising that silencing ATGL in
human MCs reduces the release of eicosanoids to the same
extent as silencing cPLA,. This observation suggests that
the potential contribution for eicosanoid production of
AA present in the large TG pool of MC LDs can be maxi-
mally of the same magnitude as the amount of AA derived
from various PL pools via the action of cPLA,.

The observed dominance of the TG-derived AA as a pre-
cursor of lipid mediators is a highly challenging finding
because, historically, PLs of the cellular plasma mem-
brane, and more recently also the PLs of various cellular
compartments, have been described as the only source of
AA for eicosanoid biosynthesis (28). In particular, cPLA,
has been considered to be the major enzyme mediating
the release of AA from the sn-2 position of membrane PLs
(6). Also, the formation of PGD2, LTC4, and leukotriene B4
(LTB4) in murine MCs is highly dependent on cPLA,, as
demonstrated using bone marrow-derived MCs generated
from cPLA, /™ mice (29). Although our studies support
the hypothesis that, by providing AA for eicosanoid biosyn-
thesis in human MCs, ATGL plays an important role as a
TG hydrolase, it is not yet ascertained whether AA released
from the TGs can be used directly or indirectly for eicos-
anoid generation. Direct utilization of TG-derived AA
(i.e., bypassing the transfer of AA from TGs to PLs and its
subsequent liberation by cPLAy) would enable an acceler-
ated provision of the substrate for eicosanoid-forming en-
zymes, which would be important for the ultrarapid release
of eicosanoids from MCs upon their activation. However,
the results of the above-mentioned study (29) on eicos-
anoid formation in bone marrow-derived murine MCs
generated from cPLAy-deficient animals point to an indi-
rect pathway, at least in those cells.

It is becoming obvious that major functions of LDs in
inflammatory cells differ fundamentally from the classi-
cal energy-providing role of LDs in adipocytes. Thus, LDs
accumulate in various immune cells during inflammatory
and infectious conditions (reviewed in Ref. 28), and,
moreover, LDs have been identified as sites of eicosanoid
biosynthesis in certain immune cells (30, 31). The early
speculations that AA-containing TGs might also serve as a
source of AA for the generation of lipid mediators (dis-
cussed in Refs. 7, 8, 28) have now been strengthened by a
mechanistic revelation implicating that functional ATGL
in activated human MCs is required for the generation of
PGD2 and LTC4. The identification of the regulatory
role of ATGL in eicosanoid production by MCs is an im-
portant step toward defining and specifying the unique
role of LDs in inflammatory cells. The establishment of
cultured human MCs as a well-defined cellular system for
studies on the regulation of eicosanoid production dur-
ing all phases of mediator release will facilitate our cur-
rent studies aimed at directly quantifying the relative
contributions of the substrate AA to eicosanoid produc-
tion along the three candidate pathways (i.e., derived di-
rectly from TGs, indirectly from TGs, or directly from
PLs; Fig. 5) 10

Lipid droplet

TGs

|COXs, LOs |

; Mast cell

EICOSANOIDS
(PGD2, LTC4)

Fig. 5. Schematic model for the proposed role of ATGL in pro-
viding triglyceride-derived AA for eicosanoid biosynthesis in hu-
man MCs. In human MCs, ATGL mediates the hydrolysis of AA
from triglycerides (TGs) stored in intracellular LDs. The liberated
AA may contribute to eicosanoid production via two different
routes, either directly from TGs (1) or indirectly from TGs by tran-
sient incorporation into LD PLs and subsequent release by the LD-
associated phospholipase cPLA, (2). This enzyme can also provide
AA directly from the PLs present in the LDs (3). Modulation of
ATGL activity could alter the contribution of TG-derived AA to
eicosanoid formation by enzymes of the PG pathway (the COXs)
and the LT pathway (the LOs), thereby affecting the generation
and release of eicosanoids from human MCs, as demonstrated in
this study by knockdown of ATGL.
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